Abstract. Experimental and field studies were conducted to evaluate the effects of NH
Introduction
Although ammonium (NH + 4 ) is an important nitrogen source for plant growth, it is also a toxicant at high concentrations. Many higher plants exhibit toxic syndromes in exclusive NH + 4 environments (Mehrer and Mohr 1989; Britto and Kronzucker 2002) . In freshwater macrophytes, high NH + 4 concentration in the water column was found toxic to Stratiotes aloides and Potamogeton crispus as indicated by excess accumulation of free amino acids (FAA) in the plant tissues (Smolders et al. 1996a (Smolders et al. , 2000 Cao et al. 2004) . High NH + 4 inhibited growth of many macrophytes in laboratory studies (Mulligan et al. 1976; Best 1980; Roelofs et al. 1984; Rudolph and Voigt 1986) . Few field studies, however, showed that aquatic macrophytes might suffer directly from NH + 4 toxicity in eutrophic lakes, because other factors (e.g. low light stress, acidification and organic sediment) may be causative in the observed macrophyte decline (Barko and Smart 1986; Grennfelt and Hultberg 1986; Carter et al. 1996; Smolders et al. 1996b) . As elevated NH + 4 concentration is a primary stress factor of eutrophication and macrophytes may be very sensitive to its toxicity (van Katwijk et al. 1997) , it is necessary to reveal the mechanisms of NH + 4 toxicity in the decline of macrophytes in eutrophic lakes.
In nitrogen-limited wetlands, growth of Phragmites australis and Carex rostrata is controlled by their internal FAA/SC (soluble carbohydrates) ratios, and higher FAA/SC ratios are associated with higher biomass of the plants (Kohl et al. 1998; Saarinen and Haansuu 2000) . In nitrogen-limited lakes, aquatic macrophytes may show a similar growth response to their internal FAA/SC ratios as the wetland plants. In eutrophic lakes, however, little is known about the relationship between biomass and FAA/SC ratios of macrophytes. Because high NH + 4 concentration in eutrophic lakes may cause excess FAA accumulation and decrease SC content in the tissues of macrophytes as a result of NH + 4 toxicity (Smolders et al. 1996a; Cao et al. 2004) , high FAA/SC ratios may inhibit plant growth.
The lakes along theYangtze River in subtropical China generally have a mean water depth of 2-4 m. Submersed macrophytes in the lakes were usually abundant ∼40-50 years ago, but declined rapidly afterwards with serious eutrophication (Liu 1990; Qin 2004) . The concentration of NH + 4 in the water column reaches mg L −1 magnitude in many of the lakes (Jin 2003 , Wu et al. 2006 , exceeding the toxic levels for the aquatic macrophytes Stratiotes aloides, Littorella uniflora and Zostera marina (Roelofs et al. 1984; van Katwijk et al. 1997; Smolders et al. 2000) . However, no studies have been conducted to evaluate the effects of NH + 4 enrichment on the decline of submersed macrophytes in these lakes.
Vallisneria natans L. is a common submersed rosette macrophyte in China. Its rapid decline in lakes of Yangtze River basin has been attributed to serious eutrophication in this region (Zhang et al. 1999) . In the present study, both field survey and laboratory experiments were conducted to evaluate the effects of NH + 4 enrichment on V. natans to provide possible ecophysiological explanations for their rapid declines in lakes of the Yangtze River. The main aims of our study are first to quantify a relationship between NH + 4 concentration in the water column and plant development in the field; subsequently, causality is tested in two experiments, the 'acute experiment' to test whether NH + 4 or NO − 3 is a causing agent of expected ecophysiological responses, particularly in relation to accumulational effects and shifts in FAA and SC; the 'esocosm experiment' to test the effect of NH + 4 on these responses over a longer time period, but also, particularly, on growth and development of the plants.
Materials and methods

Experimental design
Field investigation of submersed macrophytes was carried out in 31 lakes (area > 1 km 2 ) of the Yangtze River basin from March 2003 to September 2004. According to the Organisation for Economic Co-operation and Development (OECD) (Vollenweider and Kerekes 1982) , these lakes range between mesotrophic and hypertrophic status and generally have a water depth of 2-4 m (Wu et al. 2006) . About five sampling sites per km 2 area were selected in each lake. At each sampling site, shoots/leaves of submersed macrophytes were collected in triplicate by a submersed reaping hook (0.2 m 2 ), and were transported to the laboratory in an icebox. V. natans was separated from other species and washed with tap water. A water sample was collected at each site, stored in an icebox and analysed in the same day.
Lake Donghu (30 • 33 N, 114 • 21 E) is located in the outskirts of Wuhan City, China. It was divided into several areas by dams in the 1960s. The Shuiguohu area is hypertrophic and its submersed vegetation disappeared at least 20 years ago, whereas the Tanglinhu area is mesotrophic and has V. natans in small populations near the shore (Liu 1990 ).The concentrations of total phosphorus TP (0.7 mg g −1 DW) and total nitrogen TN (2.2 mg g −1 DW) in the sediment of the Shuiguohu area were much higher than those of the Tanglinhu area (TP = 1.5 mg g −1 DW, TN = 4.1 mg g −1 DW), and the N : P ratios were ∼3 in the sediments of both areas (Feng et al. 2006) . In the present study, the concentrations of NH 4 -N, NO 3 -N and PO 4 -P in the sediment pore water were measured to partly indicate the sediment nutrient status.
The sediments used in the acute and the mesocosm experiments were collected from Tanglinhu and Shuiguohu areas.
The acute experiment was carried out in summer 2003. Seedlings of V. natans were collected from the Tanglinhu area and precultured outdoors in tanks (1 × 2 × 1 m) with sediment collected from the Tanglinhu area and tap water for 2 months. Thereafter, the plants were collected and used in the experiment. Twenty-one plants were uniformly incubated in 7 aquaria (30 × 40 × 60 cm), with six aquaria filled with tap water and containing 0.5, 1 and 2.5 mg L −1 NH 4 -N (supplied as ammonium carbonate) and 2, 5 and 10 mg L −1 NO 3 -N (supplied as potassium nitrate), respectively; one aquarium filled with only tap water (NO 3 -N: 1.06 mg L −1 , NH 4 -N: undetectable, PO 4 -P: undetectable) was used as a control. After 48 h, the plants were collected and divided into leaves and rhizomes for biochemical analysis. The aquaria were under a transparent roof and photosynthetic active irradiation (PAR) on the water surface was ∼120 µmol m −2 s −1 at noon.
For the mesocosm experiment, ∼480 small rosettes of V. natans (∼0.4 g DW) were collected from the Tanglinhu area and uniformly transplanted into four concrete tanks (1 × 2 × 1 m), which were constructed under a transparent roof at the shore of Lake Donghu. Two tanks were filled with sediment (20 cm) and lake water (60 cm) collected from the hypertrophic Shuigouhu area (HS treatments). The other two tanks were filled with sediment collected from the mesotrophic Tanglinhu area and a mixture of 90% tap water and 10% lake water from the Shuiguohu area (MS treatment). The mesocosm experiment started in May 2003 and lasted for two months, during which tap water (NO 3 -N: 0.83-1.14 mg L −1 , NH 4 -N: undetectable, PO 4 -P: undetectable) was periodically added to compensate the evaporation loss from the tanks. Water samples were collected weekly and five individual plants from each tank were collected biweekly after transplantation. For the purposes of our analysis, an individual plant was defined as an initial mother rosette plus its attached clonal rosettes. Sediment pore water was sampled at the beginning and the end of the experiment. PAR was measured biweekly just below the water surface and at 40 cm depth at noon.
Physicochemical properties of the water column and sediment pore water PAR was measured by a Li-COR UWQ-4341 sensor and a Li-1800 data logger (Li-Cor., Lincoln, NE, USA). For the analysis of PO 4 -P, NH 4 -N and NO 3 -N, water samples were filtered through a Whatman (Middlesex, UK) GF/C grass fibre membrane (0.45-µm pore diameter), and sediment pore water was collected by centrifuging the sediment samples at 5000g. NH 4 -N was analysed by the Nessler method, and NO 3 -N by the UV spectrophotometry method (Eaton et al. 1995) . PO 4 -P was measured after the method described by Golterman (1969) . Dissolved inorganic carbon (DIC) was measured using a DIC Analyser (OI-1020, manufactured by OI Analytical, College Station, USA).
Macrophyte growth and biochemical indices V. natans collected from the acute experiment and the field survey was immediately oven-dried at 80 • C to constant weight, weighed and ground into powder. About 100 mg of the powder was extracted with 10 mL 80% ethanol at 80 • C. After centrifugation, the supernatant was used for determination of FAA and SC with alanine and glucose as standards (Yemm and Willis 1954; Yemm and Cocking 1955) . V. natans plants collected from the mesocosm experiment were measured for maximum leaf length (MLL), fresh weight (FW) and leaf number (LN) before being oven-dried for the analysis of FAA, SC and total nitrogen. Nitrogen in the plant leaf was wet oxidised and auto analysed using a BÜCHI B-339 (Flawil, Switzerland) nitrogen analyser. In the mesocosm experiment, because one individual plant was not enough for the biochemical analysis when the plants were small, five plants collected from the same mesocosm tank were pooled into one sample on the first and second sampling dates, and thereafter two plants were occasionally pooled into one sample when needed.
Data processing and statistics
In the acute and mesocosm experiments, the mean and standard deviation (s.d.) of replicate samples were calculated by Microsoft Excel programs (Redmond, WA) and the two treatments were compared by t-test. The Pearson correlation between biochemical indices of V. natans and external nutrients was analysed with the 'Product-Moment program' in Statistica (version 6.0; StatSoft, www.statsoft.com).
Results
Field survey
Water chemistry and V. natans were examined at 609 sampling sites of 31 lakes. Table 1) .
The average biomass ofV. natans was 48.7 g m −2 with a range between 0.24 and 177.4 g m −2 at the 53 sites (Table 2 ). FAA concentrations in the plant leaves were 0.6-6.1 mg g −1 DW, with an average of 2.3 mg g −1 DW. SC concentrations in the plant leaves were 5.7-54.9 mg g −1 DW, with an average of 15.7 mg g −1 DW (Table 2 and Fig. 1 ). FAA concentrations in V. natans plants were closely related to NH 4 -N concentrations in water column (r = 0.67, P < 0.001; Table 2 ; Fig. 1 ). Plant biomass was unimodally distributed with increasing FAA/SC ratios as well as increasing NH 4 -N concentrations in the water columns, with the maximum biomass occurring at ∼0.2 mg L −1 NH 4 -N (Fig. 2) .
Acute experiment
In the acute experiment, V. natans accumulated FAA rapidly with increasing external NH + 4 levels and decreased SC. But such biochemical changes were not found in the NO − 3 enrichment treatment, indicating that only NH + 4 enrichment might cause the accumulation of FAA in V. natans (Fig. 3) .
Mesocosm experiment
The average concentrations of NH 4 -N, NO 3 -N and PO 4 -P in the overlaying water in the HS tanks were 0.81, 0.73 and 0.11 mg L −1 , respectively, which were much higher than those in the MS tanks (0.17, 0.40 and 0.03 mg L −1 , respectively) T. Cao et al. (P < 0.01 for all). The concentration of PO 4 -P in sediment pore water was also higher in the HS tanks than in the MS tanks (P = 0.001). The DIC concentrations in overlaying water were around 20 mg L −1 , with no significant difference between the two treatments (P = 0.08). PAR on the water surface and 40 cm depth were ∼120 and 60 µmol m −2 s −1 , respectively, and were not significantly different between the two treatments (P = 0.19 and 0.21, respectively, Table 1 ). 
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0.5 1 2.5 2 5 10 Biomass of V. natans was closely related to LN, rather than to MLL (Fig. 4) . The MS plants showed a normal growth pattern and, on average, produced one new rosette per mother plant during the experiment. Growth of the HS plants was so severely suppressed throughout the experiment that no new stolons/rosettes were produced, mainly owing to failure of propagation. At the end of the experiment, both total biomass per tank and individual biomass and LN in the MS treatment were about twice those in the HS treatment (Table 2; Fig. 5 ). V. natans rapidly accumulated FAA during the first 2 weeks in both treatments; afterwards, FAA concentrations of the HS plants reached 6 mg g −1 DW, about twice those of the MS plants (Fig. 6) . At the end of the experiment, nitrogen contents in plant leaves in the HS and MS treatments were 3.48% and 2.64% respectively (P < 0.001). SC concentrations in plant leaves did not differ significantly between the HS and MS treatments throughout the experiment, ranging between 10 and 20 mg g −1 DW. However, SC concentration in rhizomes of the HS plants was only half that in rhizomes of the MS plants at the end of the experiment (Table 2 ; Fig. 6 ).
Discussion
The present study indicates that NH Smolders et al. 2000) . Generally, rosette submersed macrophytes (e.g. Valisneria) grow at an advantage on sediments of intermediate fertility (Chambers 1987; Chambers and Kalff 1987) . Therefore, both extremely low and high NH 4 -N concentrations might not favour growth of V. natans in our study lakes.
In the present study, contents of FAA in V. natans were closely related to concentrations of NH 4 -N (rather than NO − 3 ) in the water column from both field survey and experiments, suggesting a selective uptake of NH cost energy (Robe and Griffiths 1994; Klein et al. 2000) . Moreover, low activity of NO − 3 reductase of submersed macrophytes may, at least in part, prevent their excessive FAA accumulation (Cedergreen and Madsen 2003) . Thus, enrichment by NO − 3 did not affect the growth of the submersed macrophytes in a short time, as reported by Best (1980) . The present result showed that the plants continuously accumulated FAA and consumed SC with increasing external NH in the plant, because excess free NH + 4 inhibits plant respiration and photo-phosphorilation (Vines and Wedding 1960; Tobin and Yamaya 2001) . It is also reported that high NH + 4 concentrations inhibit growth of several aquatic macrophytes (Smolders et al. 2000; Cao et al. 2004) . The incorporation of NH + 4 into FAA was considered a major pathway for detoxification of NH respond to their NH + 4 accumulation by the synthesis of some N-rich FAA and amines, which costs carbohydrates for construction of the carbon skeleton of FAA. It is known that FAA/SC ratio is a resource index related to the growth of macrophytes (Smolders et al. 1996b) . Both the present and previous results indicate that NH + 4 enrichment affect the growth of the plants via up-regulating their FAA/SC ratios, including increases of both FAA assimilation and SC consumption. In the present investigation, biomass of V. natans showed a unimodal distribution along with increasing FAA/SC ratios. High FAA levels (∼6 mg g −1 DW) inhibited growth of the plant, whereas a rapid decline of FAA content from 6 mg g −1 DW to 2.5 mg g −1 DW coincided with vigorous growth of the plant, suggesting that a moderate FAA/SC ratio was optimal for plant growth, with a trade-off relationship between the plant growth and FAA accumulation. In nitrogen-limited wetlands, increase of FAA/SC ratios is correlated with higher biomass of P. australis and C. rostrata (Kohl et al. 1998; Saarinen and Haansuu 2000) , indicating that their FAA/SC ratios were within an optimal range. T. Cao et al. In the present experiment, growth inhibition of V. natans plants was largely attributed to their propagation failure at high NH + 4 concentrations. Although the detoxification of NH + 4 costs energy and carbohydrates, the accumulation of FAA was rarely inhibited (Rabe 1990 ). Thus it is likely that a remarkable consumption of carbon skeletons for NH + 4 assimilation at high NH + 4 concentrations had exhausted carbohydrate reserve for normal propagation of V. natans. This is supported by the fact that half the SC content in the rhizomes of V. natans was consumed in the HS treatment compared with the MS treatment, and that negative correlations were present between FAA and SC contents of the plant in the acute experiment. In seagrass Zostera noltii (Brun et al. 2002) , terrestrial wheat and maize (Cramer and Lewis 1993; Schortemeyer et al. 1997) , NH + 4 stress inhibited root growth as a consequence of diminished carbon supply to the root, which was consistent with the present results.
Although low light stress was reported to inhibit growth of V. americana owing to its propagation failure in an in situ experiment (Carter et al. 1996) , growth inhibition of V. natans in the present mesocosm experiment could not be attributed to light limitation, as may usually happen in hypertrophic lakes, because PAR was not significantly different between the HS and MS treatments, and was largely above the compensation irradiance for V. americana (26 µmol m −2 s −1 : Blanch et al. 1998) . In both our mesocosm experiment and the study lakes with higher NH + 4 levels, as light regimes were much below the light saturated point of V. americana (around 450 µmol m −2 s −1 : Blanch et al. 1998) , the consequent low photosynthate supply might further exacerbate the shortage of carbohydrates in V. natans when NH + 4 detoxification consumed carbohydrates, resulting in inhibition of normal growth and propagation of the plant.
The lakes of the Yangtze River basin in the present study are highly buffered, and even 2 mg L −1 NH 4 -N in the water column did not cause water acidification in Lake Donghu (Liu 1990) . Therefore, the decline of V. natans in this region cannot be attributed to NH + 4 -induced water acidification. Massive airborne NH + 4 deposition in oligotrophic lakes in Western Europe, however, generally leads to water acidification, which also causes decline of aquatic macrophytes (Roelofs 1983; Roelofs et al. 1984; Grennfelt and Hultberg 1986) .
In conclusion, the present study for the first time reported substantial ecophysiological evidence of NH + 4 toxicity to submersed macrophytes. High NH + 4 concentration inhibited growth and propagation of V. natans as a result of diminished carbon supply to its rhizomes. It should be noted, however, that under multiple environmental stresses in eutrophic lakes, high NH + 4 levels generally coincide with low light availability (owing to massive algal growth), which may make aquatic macrophytes more vulnerable to NH + 4 toxicity owing to decreased photosynthesis and production of carbohydrates.
